e Antimicrobial peptides (AMP) are ubiquitous innate immune elements in epithelial tissues. We recently discovered that a signaling lipid, the ceramide metabolite sphingosine-1-phosphate (S1P), regulates production of a major AMP, cathelicidin antimicrobial peptide (CAMP), in response to a subtoxic level of endoplasmic reticulum (ER) stress that can be induced by external perturbants in keratinocytes. We hypothesized that an ER stress-initiated signal could also regulate production of another major class of AMPs: i.e., the human beta-defensins 2 (hBD2) and 3 (hBD3). Keratinocytes stimulated with a pharmacological ER stressor, thapsigargin (Tg), increased hBD2/hBD3 as well as CAMP mRNA expression. While inhibition of sphingosine-1-phosphate production did not alter hBD expression following ER stress, blockade of ceramide-1-phosphate (C1P) suppressed Tg-induced hBD2/hBD3 but not CAMP expression. Exogenous C1P also increased hBD2/hBD3 production, indicating that C1P stimulates hBD expression. We showed further that C1P-induced hBD2/hBD3 expression is regulated by a novel pathway in which C1P stimulates downstream hBD via a cPLA2a¡15d-PGJ 2 ¡PPAR␣/PPAR␤/␦¡Src kinase¡STAT1/STAT3 transcriptional mechanism. Finally, conditioned medium from C1P-stimulated keratinocytes showed antimicrobial activity against Staphylococcus aureus. In summary, our present and recent studies discovered two new regulatory mechanisms of key epidermal AMP, hBD2/ hBD3 and CAMP. The C1P and S1P pathways both signal to enhance innate immunity in response to ER stress.
A ntimicrobial peptides (AMP) are innate immune elements that are widely expressed in all living systems, including mammalian epithelia. While AMP production often is low under basal (nonstressed) conditions, production increases following external perturbations, including exposure to microbial pathogens (1) . Epithelial tissues, including epidermis, are continuously threatened by exposure to external perturbants, such as oxidative stress, UV irradiation, and wounding, which attenuate barrier functions to increase the risk of microbial pathogen colonization and invasion. To protect the internal milieu from exogenous pathogens, these epithelia upregulate multiple innate immune elements, including several AMP that together provide an effective antimicrobial barrier against these external threats. We and others have demonstrated that AMP production increases following external perturbations, such as UV irradiation, oxidative stress, inflammation, and wounding (2) (3) (4) (5) (6) . We also showed that most of these external perturbations induce endoplasmic reticulum (ER) stress, which in turn stimulates production of a major AMP, cathelicidin antimicrobial peptide (CAMP), in epithelial cells/tissues (7) . We then identified and characterized a novel signaling mechanism that upregulates CAMP production through an ER stress¡nuclear factor B (NF-B)¡C/EBP␣ transcriptional mechanism that operates independently of the well-known vitamin D receptor (VDR)-mediated transcriptional pathway. Instead, VDR-induced transactivity is suppressed under the same ER-stressed conditions (7) . We then identified the ER stress-induced signal: i.e., increased production of ceramide (Cer) and its metabolite, sphingosine-1-phosphate (S1P), which serves as an upstream activator of NF-B in epithelial cells (8) . Thus, VDRand S1P-dependent mechanisms likely regulate CAMP production under basal and stressed conditions, respectively.
Expression of human beta-defensins 2 (hBD2) and 3 (hBD3), two other major AMP, increases following activation of the signal transducer and transcriptional activator 1 (STAT1), STAT3, and NF-B, whose consensus-binding sequences are localized in the promoter sequences of both hBD2 and hBD3 (9) . Moreover, 15-deoxy-⌬ 12,14 -prostaglandin J 2 (15d-PGJ 2 ) increases after Toll-like receptor (TLR) activation, stimulating hBD2 and hBD3 expression through NF-B activation (10) . Although 15d-PGJ 2 is a promiscuous activator of the peroxisome proliferator-activated receptors (PPARs), PPAR␣, -␤/␦, and -␥ (11, 12) , PPAR␥ activation does not stimulate hBD2 or hBD3 expression (10) .
Cellular Cer and its proximal metabolite, S1P, increase in response to external perturbations (13, 14) , serving as signaling molecules that can modulate multiple important cellular functions, including cellular proliferation, differentiation, and apoptosis (13, 15, 16) . In contrast to Cer itself, which generates antimitogenic and proapoptotic signals, both S1P and another Cer metabolite, ceramide-1-phosphate (C1P), display promitogenic and antiapoptotic activities, while also stimulating cell motility, wound healing, and cytokine production (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) . S1P alters cellular function through either a G protein-coupled family of S1P membrane receptors, or S1P-receptor-independent mechanisms (15, 27) . While the putative C1P receptor has not yet been fully identified, C1P binds and activates cytosolic phospholipase A2a (cPLA2a) (28, 29) , which increases arachidonic acid production, thereby potentially altering multiple cellular functions.
Since levels of hBD2 and hBD3, like CAMP, increased in epidermis following external perturbations (2), we hypothesized that Cer and/or one of its metabolites could also regulate hBDs following external perturbations that induce ER stress. We describe here a novel ER stress¡C1P¡ cPLA2a¡15d-PGJ 2 ¡PPAR␣ and/or PPAR␤/␦¡Src kinase¡STAT1 and/or STAT3 pathway that regulates hBD2 and hBD3 (but not hBD1) production in human keratinocytes (KC) and other epithelial cell types. Since activation of this pathway exhibits killing activity against Staphylococcus aureus, this innate immune mechanism likely is important in regulating epithelial antimicrobial defense. Cell culture. Normal human keratinocytes (KC), isolated from neonatal foreskins, were grown in serum-free KC growth medium containing 0.07 mM calcium chloride and growth supplements (Invitrogen, Carlsbad, CA), as described previously (7) . Culture media were switched to a medium containing 0.07 mM calcium chloride, without growth supplements, prior to treatment with Tg, C2Cer, or C16C1P, as described previously (8) .
MATERIALS AND METHODS

Reagents
C16C1P was dissolved in 98% ethanol-2% dodecane (final concentrations in cultures, 0.1% ethanol and 0.002% dodecane) (28, 29) . C2C1P was prepared as either as a bovine serum albumin (BSA) conjugate or dimethyl sulfoxide (DMSO) solution (final concentration of DMSO, 0.1%) to be delivered into cells in some studies as indicated (C16C1P is dissolved in neither methanol, ethanol, nor DMSO). Cell toxicities were not evident following treatments with Tg, C2Cer, and C1P assessed by trypan blue exclusion assay.
qRT-PCR. Quantitative real-time PCRs (qRT-PCR) were performed using cDNA prepared from mRNA fractions of cell lysates, as we described previously (7) . Briefly, 30 ng of cDNA was prepared from the mRNA fraction of cell lysates, specific primer sets (final concentration, 250 nM), and SYBR green reagents (SensiMix SYBR Hi-ROX, Bioline, Taunton, MA). The following specific primer sets were used: hBD1 primer, 5=-TCGCCATGAGAACTTCCTACCT-3= and 5=-CTCCACTGC TGACGCAATTGTA-3=; hBD2, 5=-GGTGTTTTTGGTGGTATAGGC G-3= and 5=-GGGCAAAAGACTGGATGACA-3=; hBD3, 5=-TCAGCTGC CTTCCAAAGGA-3= and 5=-TTCTTCGGCATTTTCG-3=; CAMP, 5=-CA CAGCAGTCACCAGAGGATTG-3= and 5=-GGCCTGGTTGAGGGTCA CT-3=; CERK, 5=-ACCAACCAGCAGGACCAGTT-3= and 5=-TCGCTGT CCTCATCCTCCAT-3=; human STAT1, 5=-TTCAGGAAGACCCAATC CAG-3= and 5=-TGAATATTCCCCGACTGAGC-3=; human STAT3, 5=-G GCGTCACTTTCACTTGGGT-3= and 5=-CCACGGACTGGATCTGGG T-3=; and human glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 5=-GGAGTCAACGGATTTGGTCGTA-3= and 5=-GCAACAATATCCAC TTTACCAGAGTTAA-3=. The thermal cycling conditions were 95°C for 10 min, followed by 95°C for 15 s, 60°C for 15 s, and 72°C for 15 s, repeated 40 times on ABI Prism 7700 (Applied Biosystems, Foster City, CA). mRNA expression was normalized to levels of GAPDH.
Measurement of intercellular levels of C1P. To assess the levels of cellular C1P, KC were incubated with Tg or C2Cer and washed with phosphate-buffered saline followed by extraction of total C1P, as we reported previously (30) . C1P was derivatized with o-phthalaldehyde reagent and then quantitated using a high-performance liquid chromatography (HPLC) system equipped with a fluorometric detector system (JASCO, Tokyo, Japan), as described previously (30) . C1P levels were expressed as pmol per mg protein.
siRNAs and transfections. KC were transfected with 20 nM siRNA for CERK or STAT3 from Qiagen (Valencia, CA), STAT1 from Cell Signaling Technology, or nontargeted control siRNA from Dharmacon (Lafayette, CO) using siLentFect (Bio-Rad, Hercules, CA) for 24 h and then were treated with Tg, C2Cer, or C16C1P for a further 24 h. The efficiency of blockage was evaluated by qRT-PCR. siRNA significantly suppressed CERK mRNA, STAT1, or STAT 3 mRNA expression, with CERK at 30% of control siRNA-treated cells, STAT1 at 30%, or STAT3 at 15%.
Western blot analysis. Western blot analyses were performed as described previously (7) . The following antibodies were used: anti-CERK or anti-lamin B1 from Santa Cruz Biotechnology (Dallas, TX) or anti-phospho-STAT1 (Tyr-701) or anti-phospho-STAT3 (Tyr-705) antibody from Cell Signaling Technology (Boston, MA).
ELISA for 15d-PGJ 2 , BD2, or hBD3 secretion. The contents of 15d-PGJ 2 and hBD3 in conditioned medium from KC incubated with C16C1P were measured with enzyme-linked immunosorbent assay (ELISA) kits for either 15d-PGJ 2 (Enzo Life Sciences) or hBD3 (GenWay Biotech, Inc., San Diego, CA), respectively.
Immunofluorescence analysis. KC were pretreated with PPAR antagonists for 30 min prior to treatment with C16C1P for 15 min. Cellular localization of pSTAT1 or pSTAT3 was assessed using anti-phospho-STAT1 (Tyr-701) or anti-phospho-STAT3 (Tyr-705) (Cell Signaling Technology) and anti-rabbit IgG conjugated with fluorescein isothiocyanate (Invitrogen). Nuclei were stained with the marker 4=,6-diaminido-2-phenylindole (DAPI) (Vector Laboratories, Burlingame, CA).
Antimicrobial assay. Antimicrobial activity of conditioned medium collected from KC, previously treated with C16C1P, was tested against Staphylococcus aureus (RN6980 strain), as described previously (7) . Briefly, S. aureus cells were grown to mid-log phase and adjusted to a concentration of 10 6 CFU/ml in phosphate-buffered saline (PBS), incubated with synthetic LL-37 (as a positive control) or with conditioned medium of KC cotreated C16C1P with or without fludarabine or STA-21 for 2 h. The number of bacteria that survived was determined by plating serial dilutions in PBS onto THY agar plates. After 24 h, the number of bacterial colonies was counted, and bacterial killing was calculated as recovered CFU/initial inoculum CFU ϫ 100 (%).
Statistical analyses. Statistical comparisons were performed using an unpaired Student's t test.
RESULTS
Identification of ceramide-1-phosphate as the sphingolipid metabolite that stimulates hBD2 and hBD3 production. To investigate whether ER stress increases hBD production, we first treated cultured human keratinocytes (KC) with the established pharmacological ER stressor thapsigargin (Tg). qRT-PCR analysis showed that ER stress, induced by Tg, significantly increased mRNA expression not only of CAMP, as we showed recently (7), but also of hBD2 and hBD3 (but not hBD1) (Fig. 1A ). In addition, exogenous cell-permeable, short-chain Cer (C2Cer) treatment also increased hBD2, hBD3, and CAMP (but not hBD1) mRNA production ( Fig.  1A) . Thus, ER stress, as well as Cer and/or one of its metabolites, increases production of CAMP, hBD2, and hBD3.
We next assessed whether Cer itself or one of its metabolites accounts for the ER stress-induced increase in hBD2 and hBD3 production. KC first were pretreated with N-oleoylethanolamine (NOE), a specific inhibitor of ceramidase, the enzyme that hydrolyzes Cer to sphingosine (the immediate precursor of S1P), followed by exposure of these cells to either Tg or C2Cer. While NOE pretreatment significantly attenuated the expected increase in CAMP expression, both the Tg-and C2Cer-induced increases in hBD2 and hBD3 production accelerated in such NOE-treated cells (Fig. 1A) . In addition, exogenous S1P did not increase either hBD2 or hBD3 production ( Fig. 2A) . Thus, S1P does not account for the ER stress-or C2Cer-induced upregulation of hBD2 and hBD3. Rather, Cer itself or another Cer metabolite likely is responsible for the ER stress-induced increases in hBD2 and hBD3 expression.
In addition to S1P, another Cer downstream metabolite, C1P, also functions as a signaling lipid. To assess whether C1P stimulates hBD2 and hBD3 expression, we first inhibited the ceramide kinase (CERK) that converts Cer to C1P, using a specific pharmacological inhibitor of CERK, NVP-231. While both Tg and C2Cer treatment increased cellular C1P content, NVP-231 pretreatment significantly suppressed the Tg-or C2Cer-induced increase in C1P production (Fig. 1B) . Moreover, NVP-231 treatment significantly attenuated the expected Tg-induced increase in hBD2 and hBD3 but not CAMP production (Table 1) . To further ascertain the role of C1P in hBD2 and hBD3 upregulation, cells were transfected with siRNA against CERK. Consistent with NVP-231 treatment, silencing of CERK significantly attenuated both the Tg-and C2Cer-induced increases in hBD2 and hBD3, without altering levels of CAMP production (Fig. 1E ). Prior studies demonstrated that UVB irradiation increases both hBD2 and hBD3 production in both cultured human KC and human skin (4, 31), while we also showed UVB irradiation induces ER stress and increases hBD production (32) . We further demonstrated that another oxidative stressor induced by exogenous H 2 O 2 also induced ER stress (assessed by formation of the mature [spliced] form of XBP1, a universal indicator of ER stress) (Fig. 1C ) and significantly increased production of both hBD2 and hBD3 (Fig. 1D ). This increased hBD production was significantly suppressed by inhibition of CERK (Fig. 1D) , giving further support to C1P as a signal to increase hBD2 and hBD3 expression in response to ER stress.
To exclude the possibility that one or more additional Cer metabolites (e.g., glucosylceramide), the predominant glycosphingo- lipid species (Ͼ95%) in epidermis (33) and/or sphingomyelin (SM), stimulate hBD2 and hBD3 expression under similar conditions, we next cotreated KC with Tg plus a specific inhibitor of glucosylceramide synthase, deoxynojirimycin (DNM). Instead of attenuating AMP production, DNM cotreatment further enhanced the Tg-induced increase in hBD2, hBD3, and CAMP expression (Table 2) . If SM signals to stimulate hBD production, exogenous sphingomyelinase, which hydrolyzes SM to Cer, significantly decreases cellular SM content (34) and results in suppression of hBD production following ER stress. Yet, both hBD2 expression and hBD3 expression were still increased in cells incubated with exogenous sphingomyelinase (Table 2) . Together, these results suggest that C1P, but neither Cer nor other Cer metabolites (i.e., S1P, glucosylceramide, or SM), mediates the ER stress-induced enhancement of hBD2 and hBD3 production.
We next directly assessed whether exogenous C1P stimulates hBD2 and hBD3 production. Treatment of KC with exogenous N-palmitoyl-ceramide-1-phosphate (C16C1P) produced a dosedependent increase in hBD2 and hBD3 production ( Fig. 2A) but altered neither CAMP nor hBD1 production (not shown). Moreover, exogenous C2C1P delivered into cells, as a BSA conjugate or in DMSO, significantly increased both hBD2 and hBD3 production (Fig. 2B) , while as expected, S1P increased CAMP but not hBD2 or hBD3 production ( Fig. 2A) . Similar to a prior study showing more potent effects of C1P in dodecane-ethanol signaling on altering cellular function (35) , C16C1P delivery into cells using dodecane-ethanol showed a higher induction of hBD production compared with other delivery systems. Consistent with increases in mRNA expression, production of both hBD2 and hBD3 proteins was increased (hBD2, vehicle, 6.88 Ϯ 0.00 pg/mg protein, and C1P, 16.35 Ϯ 1.3 pg/mg protein [P Ͻ 0.01]; hBD3, vehicle, 8.21 Ϯ 1.6 pg/mg protein, and C1P, 587.9 Ϯ 6.19 pg/mg protein [P Ͻ 0.01], versus vehicle control). These results further demonstrate that C1P stimulates hBD2 and hBD3 (but not CAMP) production. Neither C2C1P in DMSO, BSA conjugate, nor C16C1P (dissolved in dodecane-ethanol) altered cell viability under our experimental conditions (not shown). We employed C16C1P at concentrations of 1 M in most of the studies described below.
Finally, we investigated whether the C1P-induced increases in hBD2 and hBD3 production occur not only in cultured KC but (Table 3) . These results indicate that C1P stimulates hBD2 and hBD3 production in a variety of epithelial cells through a C1P-dependent signal. cPLA2a and COX1/2 activation accounts for C1P-mediated stimulation of hBD2 and hBD3 production. Prior studies showed that C1P binds directly to cytosolic phospholipase A2a (cPLA2a), leading to increased prostanoid generation by enhancing its catalytic activity (28, 29) . Hence, we next assessed whether cPLA2a activation serves as a downstream signal of hBD2 and hBD3 production. While a specific cPLA2a inhibitor, pyrrophenone (Pyr), itself did not alter basal expression of hBD2 and hBD3, it significantly diminished C16C1P-induced upregulation of hBD2 and hBD3 (Fig. 3A) .
The arachidonic acid released by cPLA2a is immediately catabolized to prostaglandin H2 by either cyclooxygenase 1 (COX-1) or COX-2. To further elucidate the downstream pathway whereby C1P signals increased hBD2 and hBD3 production, we next cotreated KC with either acetylsalicylic acid (aspirin), which inhibits both COX-1 and COX-2, or NS398, a specific inhibitor of COX-2. Both aspirin and NS398 significantly suppressed the expected C16C1P-induced increase in hBD2 and hBD3 mRNA production (Fig. 3A) . Prior studies showed that C1P (10 M), which displays cellular toxicity in dodecane-ethanol, showed a nonspecific cPLA2 activation (36). As described above, cell toxicities were not evident under our experimental conditions. Moreover, C1P delivered as a BSA conjugate and in DMSO into cells also stimulates hBD production (Fig. 2) . Together, these results indicate that C1P-induced activation of cPLA2a is required for the COX1/2-mediated conversion of arachidonic acid to prostaglandin H 2 , leading to increased hBD2 and hBD3 production. 15d-PGJ 2 is required for the C1P enhancement of hBD2 and hBD3 production. Prior studies demonstrated that PGD 2 and its metabolite, 15d-PGJ 2 , but neither PGE 2 , PGF 2 ␣, iloprost (a stable analog of prostaglandin I 2 [PGI 2 ]), nor U-46619 (a thromboxane A 2 receptor agonist), increase hBD2 and hBD3 production (10). Hence, to identify which prostanoid is responsible for the C1P-induced stimulation of hBD2 and hBD3 production, we next measured 15d-PGJ 2 levels in KC following treatment with exogenous C16C1P. Exogenous C16C1P significantly increased 15d-PGJ 2 levels (Fig. 3B) , while the cPLA2a inhibitor Pyr diminished the expected C16C1P-induced increase in 15d-PGJ 2 levels. Accordingly, exogenous 15d-PGJ 2 significantly increased hBD2 and hBD3 production, while PGE 2 treatment had no effect on either hBD2 or hBD3 production (Fig. 3C) . Because an increase in arachidonate production by activation of cPLA2 is required for prostanoid generation, these results further support C1P stimulation of the catalytic activity of cPLA2. These results suggest that the C1P-mediated increase in levels of 15d-PGJ 2 likely accounts for the stimulation of hBD2 and hBD3 production.
15d-PGJ 2 is a promiscuous activator (ligand) of the PPAR␣, PPAR␤/␦, and PPAR␥ (37) . Hence, we next investigated which PPAR isoform or isoforms are required for the C1P-induced increase in hBD2 and/or hBD3 production. KC were treated with specific agonists of PPAR␣ (GW9578), PPAR␤/␦ (GW0742), or PPAR␥ (GW1929). While treatment with GW9578 or GW0742 significantly increased hBD2 and hBD3 production, GW1929 (PPAR␥ agonist) had no effect on either hBD2 or hBD3 production (Fig. 3D) . Pertinently, blockade of PPAR␣ and PPAR␤/␦ activation by pretreatment with specific PPAR␣ or PPAR␤/␦ antagonists (i.e., GW6471 or GSK0660, respectively), significantly suppressed C16C1P-induced stimulation of hBD2 and hBD3 production (Fig.  3E) . Together, these results indicate that C1P-mediated activation of PPAR␣ and/or PPAR␤/␦ but not PPAR␥ accounts for increased hBD2 and hBD3 production.
C1P enhances hBD2/3 production through STAT1 and STAT3 activation. While PPAR response element (PPRE) sequences have not been identified in either promoter of hBD2 or hBD3 (38) , the promoters of both hBDs contain binding sequences for numerous transcription factors, including STAT1, STAT3, and NF-B. Moreover, activation of both STAT and NF-B stimulates hBD2 and hBD3 transcription (39) . Therefore, we next investigated the role of STAT1, STAT3, and NF-B in C1P-induced hBD2 and hBD3 upregulation. While either of the specific pharmacological inhibitors fludarabine (STAT1) and STA-21 (STAT3) alone did not alter the basal expression of either hBD2 nor hBD3, pretreatment with these inhibitors significantly attenuated the expected C16C1P-induced increases in hBD2 and hBD3 production (Fig.  4A) . Moreover, consistent with a pharmacological intervention of STAT1 or STAT3 activity, siRNA against STAT1 or STAT3 significantly suppressed both hBD2 and hBD3 mRNA expression ( (Table 3) . These results suggest that C1P stimulates hBD2 and hBD3 production in epithelial cells through C1P¡STAT1 and STAT3 activation.
Activation of STAT1 or STAT3 requires phosphorylation at a tyrosine (Tyr) residue of STAT1 (Tyr-701) and STAT3 (Tyr-705), leading to their dimerization and translocation to the nucleus, where they activate transcription of target genes (40) . Thus, we next assessed whether either STAT1 and/or STAT3 is phosphorylated following C16C1P treatment. Western blot analyses revealed that C16C1P treatment increased both Tyr-701-phosphorylated STAT1 and Tyr-705-phosphorylated STAT3 levels, while antagonists of either PPAR␣ (GW6471) or PPAR␤/␦ (GSK0660) significantly diminished C16C1P-induced phosphorylation of STAT1 and STAT3 (Fig. 4D) . Finally, antagonists of both PPAR␣ and PPAR␤/␦ significantly attenuated the C16C1P-induced nuclear translocation of these transcription factors (Fig. 4E) . Together, these results indicate that C1P activates PPAR␣ and/or PPAR␤/␦, followed by activation of STAT1 and STAT3, leading to stimulation of hBD2 and hBD3 production.
Because tyrosine kinases, such as Janus kinase (JAK) and Src kinase, phosphorylate STAT (41), we next assessed the role of these kinases in the C1P-mediated stimulation of hBD2 and hBD3 expression. A specific JAK inhibitor, AG490, did not attenuate the C16C1P-induced increase in hBD2 and hBD3 production ( . In contrast, either of two Srcspecific inhibitors, PP2 or KB-SRC4, which is a derivative of PP2 eliminating c-Abl kinase inhibition (42), significantly blocked C16C1P-induced hBD2 and hBD3 production ( Table 5) . Furthermore, these Src inhibitors also attenuated the PPAR␣-or PPAR␤/ ␦-agonist-induced increases in hBD2/3 production (Table 5) . Since the promoter region of Src contains PPRE (43), we next assessed whether the Src protein level is increased in cells and results in increasing catalytic activity following C1P treatment. Yet, neither C1P (Fig. 4D) , PPAR␣, nor PPAR␤/␦ agonists (data not shown) affected Src protein levels. Therefore, we next studied activation of Src kinase by its phosphorylation. C16C1P markedly increased Tyr-416 phosphorylation of Src, while either the PPAR␣ or PPAR␤/␦ antagonist significantly diminished C16C1P-induced increases (Fig. 4D) . Together, these data indicate that STAT1/3 phosphorylation by Src kinase is required for the C1P-induced upregulation of hBD2 and hBD3 production.
C1P signaling enhances antimicrobial activity against a virulent pathogen. We next examined the potential importance of the C1P-driven mechanism by determining whether C1P-induced hBD3 production enhances defense against a virulent strain of S. aureus (Note that hBD2 demonstrates little killing activity against this pathogen [44, 45] .) Conditioned medium from KC previously exposed to C16C1P (1 M) showed killing activity against S. aureus that was comparable to that of synthetic LL-37 (the positive control) ( Table 6 ). In contrast, conditioned medium from KC cotreated with C16C1P plus either of the two STAT inhibitors (fludarabine and STA-21) attenuated the expected C16C1P-induced increase in antimicrobial activity. Notably, nei-ther the STAT1 nor STAT3 inhibitor alone altered virulent S. aureus viability. Finally, we assessed the hBD3 content of conditioned medium following treatment with C16C1P. While the expected increase in the hBD3 content of conditioned medium occurred following C16C1P treatment, this increase was blocked when KC were cotreated with either inhibitors of STAT1 (fludarabine) or STAT3 (STA-21) ( Table 6 ). Since C16C1P did not alter CAMP production (as described above), the S. aureus killing activity observed here can be attributed to C1P stimulation of hBD3 production. Together, these results show that C1P-driven stimulation of hBD3 production via STAT1 and STAT3 represents a potentially important antimicrobial mechanism against microbial pathogens.
DISCUSSION
Many types of external perturbations, including microbial infections, increase hBD2, hBD3, and CAMP production in epithelial cells (2, 5, 41) , but the mechanisms responsible have not yet been fully characterized. When investigating how these perturbants stimulate AMP production, we recently found that these various unrelated forms of external perturbations induce ER stress, which in turn increases production of Cer and S1P (8) . The latter downstream metabolite then stimulates production of a major AMP (i.e., CAMP [7] ). While VDR-dependent stimulation of CAMP production has been well characterized (46), we found that VDR transactivation instead is suppressed in cells under similar ERstressed conditions, suggesting that VDR-and S1P-dependent pathways maintain CAMP production under basal versus stressed conditions, respectively (8) . We now show here that another ER stress-induced Cer metabolite, C1P, upregulates two other key AMP (i.e., hBD2 and hBD3) in epithelial cells exposed to similar conditions. Our prior studies, as well as the present study, suggest that these ER stress-induced Cer metabolites (S1P and C1P) serve as sensors of external perturbations that in turn stimulate divergent defensive mechanisms that enhance epithelial antimicrobial defense via production of diverse innate immune elements (i.e., CAMP, hBD2, and hBD3).
To ensure that the C1P-dependent increase in hBD2 and hBD3 is relevant for antimicrobial defense, we assessed whether activation of the C1P-initiated pathway suffices to combat virulent S. aureus. While this pathogen is not susceptible to hBD2, elevations in hBD2 increase hBD3-stimulated killing of S. aureus (44) . Hence, the costimulation of hBD2 and hBD3 by C1P likely enhances defense against a broad array of microbial pathogens that could attack the host when external-facing epithelia, such as the epidermis and other mucosal epithelia, are compromised. These studies also suggest that pharmacological modulation of the C1P signal could provide a new mechanism-driven therapeutic approach to prevent or treat selected microbial pathogen invasion. Since C1P alone stimulates this mechanism, this approach could be useful not only under stressed conditions but also under basal conditions, perhaps providing effective preventive therapy as well.
Since we have used (primary) cultured normal human KC from different donors, with somewhat different responses to chemicals and stimuli, including C1P, hBD2 and hBD3 expression levels in cell in response to C1P, there were variations between experiments (hBD2 mRNA, 3-to ϳ15-fold, and hBD3 mRNA, 75-to ϳ300-fold, versus the vehicle control). Nevertheless, C1P reproducibly increased production of both hBD3 and hBD2, and increases in hBD3 were higher than hBD2 in all cells, suggesting that C1P is a ubiquitous signaling Cer metabolite to stimulate hBD2 and hBD3 synthesis.
Although the biological roles of C1P are still not fully characterized, we elucidated here an important role for this Cer metabolite in regulating innate immunity, as well as the responsible metabolic and transcriptional mechanisms (Fig. 5 ). An increase in C1P activates cPLA2a, which results in increasing PGJ 2 production, which in turn activates PPAR␣ and PPAR␤/␦. Increased Src kinase synthesis, which is transcriptionally regulated by PPAR␣ and ␤/␦ (43), is likely responsible for STAT1 and STAT3 activation through their phosphorylation (47) (48) (49) . An increase in C1P activates cPLA2a, which results in increasing PGJ 2 production, leading to activation of PPAR␣ and PPAR␤/␦ followed by Src kinase activation. Prior studies demonstrated that PPAR-dependent Src kinase activation occurs through increases in transcriptional regulation of Src or Src phosphorylation (43, 50) . Our results indicate that PPAR stimulated Src phosphorylation rather than Src production, leading to STAT activation (47, 51) . In addition, a recent study showed that PPAR␤/␦ activation enhances mRNA expression of CERK, increasing C1P levels in response to external perturbations, such as barrier disruption, resulting in enhanced epithelial cell survival (52) . Since we demonstrated here that ER stress increases production of C1P, leading to activation of PPAR␣ and PPAR␤/␦, increased C1P-PPAR signaling likely stimulates a feed-forward mechanism that enhances antimicrobial defense through upregulation of hBD2 and hBD3 production.
Previous studies have shown that TLR2/6 or TLR3 ligand activation increases 15d-PGJ 2 expression, which in turn induces hBD2 and hBD3 mRNA expression in primary human KC via NF-B-dependent transcriptional regulation (10) . Yet, 15d-PGJ 2 is a potent inhibitor of the NF-B signaling pathways: i.e., 15d-PGJ 2 inhibits the IKK phosphorylation that is required for NF-B activation (53, 54) , while also inhibiting the NF-B binding to DNA by alkylation of the NF-B DNA-binding domain (55) . Accordingly, we show here that an inhibitor of NF-B did not alter C1P-induced hBD2 or hBD3 production in human epithelial cells. The differences between prior studies and ours could reflect pathways that regulate epithelial antimicrobial defense by divergent mechanisms: i.e., TLRs versus ER stress. Why TLR activation and ER stress induce different downstream pathways that stimulate hBD2 and hBD3 production is unclear, but the presence of such dual mechanisms could sustainably enhance antimicrobial defense in response to the multiple different forms of external perturbations that occur under in vivo conditions. In summary, our present and recent studies have uncovered and characterized two antimicrobial defense mechanisms that are stimulated in epithelial cells in response to external perturbations through stimulation of an ER stress-initiated production of hBD2 and hBD3 and CAMP/LL-37, respectively, by C1P-and S1P-initiated signals.
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